One approach to improving efficacy in MS therapy is to identify medications that provide additive or synergistic benefit in combination. Orally administered cholesterol-lowering HMG-CoA reductase inhibitors (known as statins), which exhibit immunomodulatory properties and are effective in treatment of the MS model EAE, are being tested in MS. As atorvastatin can enhance protective Th2 responses and has a different mechanism of action than glatiramer acetate (GA), a parenterally administered immunomodulatory agent approved for MS treatment, we tested whether the combination of these agents could be beneficial in EAE. Combination therapy using suboptimal doses of atorvastatin and GA prevented or reversed clinical and histologic EAE. Secretion of proinflammatory Th1 cytokines was reduced -and conversely Th2 cytokine secretion was increased -in these mice, but not in mice treated with each drug alone at the same doses. Monocytes treated with the combination of suboptimal doses of atorvastatin and GA secreted an antiinflammatory type II cytokine pattern and, when used as APCs, promoted Th2 differentiation of naive myelin-specific T cells. Our results demonstrate that agents with different mechanisms of immune modulation can combine in a synergistic manner for the treatment of CNS autoimmunity and provide rationale for testing the combination of atorvastatin and GA in MS.
Introduction
MS is an inflammatory autoimmune CNS demyelinating disease that is thought to be mediated in part by myelin-specific lymphocytes (1) (2) (3) . Different classes of immunomodulatory agents with distinct mechanisms of action are approved for MS treatment (4) (5) (6) . However, the current MS medications are only partially effective; they can be associated with side effects and potential toxicities, and there is ongoing debate regarding long-term efficacy of certain agents (7, 8) . While one strategy to improve MS therapy is to develop novel agents that may have greater efficacy, it is important to identify existing or novel classes of drugs that may complement one another in combination to provide additive or synergistic benefit (9) .
Glatiramer acetate (GA, also referred to as Copaxone and copolymer 1) is an immunomodulatory agent approved for treatment of relapsing-remitting MS (5) . GA is a synthetic basic random copolymer composed of tyrosine (Y), glutamate (E), alanine (A), and lysine (K) that appears to preferentially affect T cells specific for CNS autoantigens (10) , altering their antigen/MHC recognition in a manner similar to that of altered peptide ligands (11) . Sustained treatment with GA in MS patients has been associated with the secretion of protective Th2 cytokines by some myelin-reactive CD4 + T cells (12, 13) . Recent data obtained from GA-treated MS patients suggest that GA also mediates immunomodulatory activity on APCs, promoting secretion of antiinflammatory cytokines and inhibiting secretion of proinflammatory cytokines (14) (15) (16) (17) . One can envisage that an agent that augments GA-mediated immunomodulation of myelin-reactive lymphocytes or APCs could enhance the efficacy of GA in MS therapy (9, 18) .
Recent studies have demonstrated that oral cholesterol-lowering HMG-CoA reductase inhibitors (known as statins) have immunomodulatory properties that may be beneficial in the treatment of T cell-mediated, organ-specific autoimmune diseases and other inflammatory conditions (19) (20) (21) . Promising results were obtained in initial clinical trials testing simvastatin (Zocor) and atorvastatin (Lipitor) in MS (22) and RA (23) , respectively. Atorvastatin is currently being tested in a placebo-controlled trial in early MS (http:// immunetolerance.org/staycis/). In EAE models, atorvastatin has been shown to promote differentiation and expansion of myelin protein-reactive regulatory Th2 cells and to suppress upregulation of MHC class II and costimulatory molecules on APCs, indicating that the beneficial immunomodulatory effects of statins may involve both APCs and T cell compartments (24, 25) . Mevalonate, the product of HMG-CoA reductase, can reverse most, if not all, statin-induced immune effects on APCs (24, 26) and T cells (24, 25, 27) , indicating that statins mediate immunomodulation by interfering with synthesis of mevalonate and its isoprenoid metabolites that are involved in posttranslational modification of GTP-binding signaling molecules. As atorvastatin treatment can promote the development of protective myelin-reactive Th2 cells and does so utilizing a different mechanism of action than GA, we have tested whether atorvastatin could augment the therapeutic and immunomodulatory effects of GA on myelin-reactive T cells in EAE.
In this report we demonstrate that atorvastatin and GA can complement each other in a synergistic manner in EAE treatment. Clinical EAE was prevented or reversed in mice by combination therapy using suboptimal doses of atorvastatin and GA and was associated with reduced CNS inflammation and less demyelination than in mice treated with either drug alone at the same doses. This combination therapy was associated with enhanced secretion of protective Th2 cytokines and reduced production of proinflammatory Th1 cytokines. Monocytes treated with this combination secreted a type II antiinflammatory cytokine pattern and promoted Th2 differentiation of naive myelin-specific T cells, suggesting that 1 mechanism that contributed to the development of this clinical and immunomodulatory synergy occurred at the level of the APC. Our results highlight how the EAE model can be used in preclinical screening to identify complementary activity between agents that might be considered for combination therapy in MS.
Results
Atorvastatin and GA in combination do not antagonize each other. While it is considered advantageous to combine medications with complementary activities in MS therapy, there is also concern that certain immunomodulatory agents could antagonize one another (28) . In order to ensure that there was no unforeseen antagonism, we first tested atorvastatin and GA in combination using individual therapeutic doses. In a representative experiment, shown in Figure 1A , we observed that oral administration of 10 mg/kg/d atorvastatin or a single s.c. injection of 250 μg GA in incomplete Freund's adjuvant (IFA) alone prevented myelin basic protein (MBP) peptide Ac1-11-induced EAE in (PL/J × SJL/J)F 1 mice. When atorvastatin and GA were administered together using these same optimal doses, this combination was equally effective as the individual agents alone. Thus there was no evident antagonism.
We also did not observe antagonism when we tested a lower therapeutic dose (1 mg/kg/d) of atorvastatin in combination with 250 μg GA (data not shown).
Combination therapy using suboptimal doses of atorvastatin and GA prevents clinical and histologic EAE. In order to evaluate combination therapy in the EAE model using medications that are individually fully effective, it is necessary to test these drugs in combination using suboptimal doses (9) . In dose-response experiments we consistently observed that 50 μg GA in IFA administered prior to EAE induction was no more effective than control (vehicle only) treatment ( Figure 1B and Table 1 ). Similarly, we observed that daily oral treatment of atorvastatin (0.05 mg/kg/d) begun prior to EAE induction had no detectable effect ( Figure 1C and Table 1 ). Thus, in order to test whether these 2 drugs could complement one another, we combined 0.05 mg/kg/d atorvastatin with 50 μg GA. The combination of both medications at those individually suboptimal doses prevented clinical signs of EAE ( Figure 2A and Table  1 ). In fact, this combination was as effective as treatment with each individual agent at its optimal dose (atorvastatin, 10 mg/kg/d; GA, 250 μg; compare Figure 2A with Figure 1 , B and C).
Mice treated with suboptimal doses of atorvastatin or GA alone or in combination were evaluated for histologic EAE. There were no detectable differences in the numbers of CNS inflammatory foci in untreated mice with EAE and mice treated with subopti- mal doses of either oral atorvastatin or GA (Table 1) . In contrast, the number of CNS inflammatory infiltrates was significantly reduced in mice treated with the combination of suboptimal doses of these agents (Table 1) . Representative histologic figures from the brains of representative mice from each treatment group are shown in Figure 2 , B-G. Combination therapy using suboptimal doses of atorvastatin and GA reverses clinical and histologic EAE. In general, immunomodulatory therapy in MS is initiated after patients have developed clinical signs or symptoms of CNS demyelinating disease. Therefore, it is important to test whether a novel treatment regimen, which is effective EAE prevention, can also reverse established disease. We evaluated whether suboptimal doses of atorvastatin in combination could reverse established EAE. Typically in EAE studies GA is administered in IFA once prior to disease induction (29) (30) (31) . In order to test GA in EAE reversal, we established a treatment protocol administering GA s.c. daily in aqueous solution (PBS) in a manner similar to its use in the treatment of MS patients. Treatment was initiated when individual mice developed a clinical score of ≥2 (see Methods). We consistently observed that daily treatment with either 50 μg GA s.c. or 0.05 mg/kg/d oral atorvastatin after EAE onset had no detectable effect on disease progression ( Figure  3A ). However, treatment using the combination of these suboptimal doses of atorvastatin and GA reversed clinical severity of EAE ( Figure 3A) . Further, clinical improvement by treatment with this combination was associated with reduced CNS inflammation ( Figure 3 , B-E) and less demyelination ( Figure 3E ). Fewer swollen axons were observed in the combined treatment group (Figure 3E ), suggesting that there may be a decrease in axonal injury. (12, 13) and EAE (30, 31) has been associated with the induction of Th2 myelin-reactive T cells. Presumably acting through a different mechanism of action, oral atorvastatin treatment in EAE also promotes the development of myelin-reactive Th2 cells. Thus, we tested whether the synergistic beneficial effects observed using the combination of atorvastatin and GA was associated with secretion of Th2 cytokines. In vivo administration of suboptimal doses of atorvastatin and GA in combination markedly suppressed the secretion of Th1 cytokines IFN-γ, IL-12, and TNF-α by MBP-reactive T cells (Figure 4) . Conversely, secretion of Th2 cytokines IL-4 and IL-10 by MBP-reactive T cells was enhanced in mice treated with this combination. In contrast, lymphocytes from mice treated individually with atorvastatin or GA secreted predominantly Th1 cytokines in a manner similar to control mice.
Combination of atorvastatin and GA promotes induction of Th2 myelinreactive T cells. GA treatment in MS
Combination of atorvastatin and GA can promote Th2 differentiation through immunomodulation of monocyte APCs. It is recognized that GA may have direct and indirect effects on APCs, which could contribute to its immunomodulatory effects in MS treatment (14) (15) (16) . GA treatment of monocytes/macrophages (15, 16) and dendritic cells (14) promotes their secretion of antiinflammatory type II cytokines (16) , which presumably contributes to the differentiation of GA-reactive T cells into Th2 cells. Data indicate that statins also have antiinflammatory effects on APC subpopulations, including monocytes/macrophages (24, 26) . As we observed that the combination of atorvastatin and GA was beneficial in EAE and synergistically promoted secretion of Th2 cytokines, we tested whether atorvastatin and GA in combination might alter the proinflammatory and antiinflammatory cytokine secretion profile of APCs in an additive or synergistic manner. As shown in Figure 5 , treatment of monocytes with either atorvastatin or GA at higher concentrations suppressed secretion of proinflammatory cytokines IL-12 and TNF-α and promoted secretion of the antiinflammatory cytokine IL-10. When titrated to suboptimal concentrations, neither atorvastatin nor GA affected monocyte secretion of these cytokines. In contrast, combination therapy using suboptimal doses of both agents suppressed monocyte secretion of TNF-α and IL-12 while promoting IL-10 secretion ( Figure  5 ). Furthermore, monocytes that had been pretreated with suboptimal doses of atorvastatin and GA in combination, promoted Th2 differentiation of naive myelin-specific T cells (Figure 6 ). These data demonstrate that in combination these 2 drugs can alter the secretion of APC-derived T cell polarizing cytokines, enhancing myelin-specific Th2 responses.
Discussion
Several criteria should be considered when selecting immunomodulatory agents for use in combination therapy for MS: (a) medications should have complementary activities, preferentially acting through different mechanisms of action; (b) ideally each medication should have an excellent safety profile; and (c) the combination should not create additional toxicities. In this regard, the 2 FDA-approved medications used in this investigation are well tolerated and have no apparent overlapping toxicities (5, 32) . Data from previous studies indicate that atorvastatin mediates immunomodulatory effects on T cells and APCs primarily through inhibition of synthesis of isoprenoid compounds in the mevalonate pathway (24, 25, 27) . Isoprenylation of small GTP-binding proteins is necessary for their intracellular trafficking and subcellular localization to the cytoplasmic surface of the plasma membrane (33) . Possibly by reducing available ras, which has an important role in ERK activation and Th1 differentiation (34), statins may facilitate Th2 differentiation (35) . In contrast, GA is considered an antigen-based immunomodulatory agent that has been associated with enhanced secretion of antiinflammatory cytokines by myelin-reactive T cells (12, 13) and APCs (14) (15) (16) . Thus the mechanisms of action of these 2 drugs are distinct. Having met all of the criteria described above and having demonstrated that optimal doses of atorvastatin and GA did not antagonize one another, we reasoned that these 2 drugs were excellent candidates to be tested in combination therapy. In this report we established that atorvastatin and GA had synergistic clinical and immunological effects. The combination of suboptimal doses of GA and atorvastatin was as effective in EAE prevention as the optimal dose of either drug alone and promoted Th2 immunomodulation. More importantly, the combination of suboptimal doses of atorvastatin and GA, administered s.c. in aqueous solution, effectively reversed paralysis when daily treatment was initiated after EAE was established. Further, treatment of EAE with this combination was associated with a reduced number of CNS inflammatory lesions and less demyelination. In order to investigate one potential mechanism responsible for the Th2 bias, we examined whether atorvastatin and GA have a combined immunomodulatory effect on APCs. Our results indicate that the combination of GA and atorvastatin facilitated the differentiation of type II (16) monocytes that secreted an antiinflammatory profile of T cell-polarizing cytokines. Indeed, monocytes matured in the presence of the combination of atorvastatin and GA promoted Th2 differentiation of naive myelin-specific T cells. While other mechanisms may contribute, we have established one potential mechanism that could account for the observed clinical and immunological synergistic effects of this combination. Our results clearly support testing the combination of atorvastatin and GA in clinical MS trials.
Other approved immunomodulatory agents are also being considered for combination therapy in MS (36) . For example, the combination of GA and Avonex, a preparation of interferon β-1a approved for MS treatment, was assessed for safety in a small trial of patients with relapsing-remitting MS (37) and is now being tested for efficacy in a larger trial (http://www.combirx. org/). Although interferon β acts through a different pathway than statins, these 2 drugs may overlap in their immunomodulatory effects. For example, both interferon β and atorvastatin can induce secretion of antiinflammatory cytokines (20, 24, 25, 38, 39) . Like statins (19, 24) , interferon β also inhibits MHC class II upregulation on APCs (40) . While statins inhibit transcription of the MHC class II transactivator (CIITA) (19, 24) , the "master regulator" for MHC class II expression, interferon β reduces CIITA activity (40) . It is known that interferon β is effective in reducing the number of new radiographically detectable inflammatory MS lesions (41, 42) , presumably by inhibiting secretion of proteases
Figure
The combination of atorvastatin and GA promotes secretion of antiinflammatory Th2 cytokines. On day 0, (PL/J × SJL/J)F1 mice were immunized with MBP Ac1-11. GA (50 μg) was administered s.c. on day -7. Daily atorvastatin (0.05 mg/kg/d) was begun 2 days prior to GA injection (day -9). Control mice received daily oral PBS (vehicle) and a s.c. injection of IFA only. Spleen cells were obtained on day 10 and cultured (5 × 10 5 /well) in the presence of MBP Ac1-11 at the doses indicated. Supernatants were examined for Th1 (IFN-γ, TNF-α, and IL-12) and Th2 (IL-4 and IL-10) cytokines by ELISA as described in Methods. Mean ± SEM are shown. Data are representative of 3 separate experiments.
Combination therapy of atorvastatin and GA reduces secretion of proinflammatory cytokines and promotes secretion of IL-10 by monocytes. Bone marrow-derived monocytes/macrophages were isolated from (PL/J × SJL/J)F1 mice as described in Methods. Treatment of monocytes with optimal doses of atorvastatin (10 μM) or GA (50 μM) suppressed secretion of proinflammatory cytokines IL-12 and TNF-α and promoted secretion of the antiinflammatory cytokine IL-10. Suboptimal doses of atorvastatin (0.1 μM) or GA alone (6.25 μM) did not alter cytokine secretion, whereas treatment using the combination of these suboptimal doses suppressed secretion of TNF-α and IL-12 and promoted IL-10 secretion. Monocytes in each group were pretreated with IFN-γ for 24 hours. Cytokine secretion by unstimulated monocytes was measured and recorded: IL-12, 112 (± 2); TNF-α, 153 (± 2); and IL-10, 141 (± 3) pg/ml. Treatment groups were compared to the control group (untreated) using 1-way ANOVA. Data are representative of 3 separate experiments. *P < 0.05. and preventing upregulation of adhesion/costimulatory molecules that participate in leukocyte trafficking into the CNS (43, 44) . Data indicate that through inhibition of rho prenylation in endothelial cells (45) , statin treatment may also inhibit leukocyte trafficking into the CNS (22, 27) . Since it is unclear whether the pleiotropic activities of these 2 drugs will be complementary, studies are necessary to evaluate whether the combination of interferon β and statins will be antagonistic or beneficial (46) .
As we have shown in this investigation, the EAE model is useful for initial testing of potential combination therapies for MS. One must consider that FDA-approved therapies and several novel therapies, administered individually, potently suppress EAE. As we have described, one strategy to evaluate potential complementary therapeutic benefit is to administer candidate drugs using suboptimal doses. In this regard, atorvastatin and GA were synergistic when administered at doses that had no detectable clinical or immunomodulatory effects alone. The general principles that we have established in this study should be applicable for evaluating other combinations of immunomodulatory agents in the EAE model.
Methods

Mice. Female (PL/J × SJL/J)F1 mice, 5-8 weeks of age, were purchased from
The Jackson Laboratory. B10.PL MBP Ac1-11-specific TCR Tg mice (47) were kindly provided by V. Kuchroo (Harvard University, Cambridge, Massachusetts, USA). All animal protocols were approved by the Committee on Animal Research at the University of California, San Francisco, and the Division of Comparative Medicine at Stanford University, in accordance with NIH guidelines.
Peptide. Mouse MBP peptide Ac1-11 (ASQKRPSQRHG) was synthesized by solid-phase Fmoc chemistry by Quality Control Biochemicals Inc. After cleavage from the solid support and deprotection of the amino acid side chains, peptides were purified by reverse-phase HPLC (C18 column; YMC). Major peaks, analyzed by MALDI-TOF mass spectrometry and HPLC, contained greater than 95% of the desired product.
EAE induction and clinical evaluation. Female (PL/J × SJL/J)F1 mice, 8-12
weeks old, received a s.c. injection in the lower flanks of 100 μg MBP Ac1-11 in 0.1 ml PBS emulsified in an equal volume of CFA supplemented with 2 mg/ml of mycobacterium tuberculosis H37Ra (DIFCO Laboratories) on day 0. Immediately thereafter, and again 48 hours later, mice received an i.v. injection of 400 ng pertussis toxin in 0.2 ml PBS. Individual animals were observed daily, and clinical scores were assessed in a blinded fashion on a 0-5 scale: 0, no clinical disease; 1, loss of tail tone only; 2, mild monoparesis or paraparesis; 3, paraplegia; 4, quadraparesis; and 5, moribund or deceased.
Atorvastatin and GA treatments. Atorvastatin (prescription formulation; Pfizer) was brought into suspension in PBS as described previously (24) . Atorvastatin (0.05, 0.1, 1, or 10 mg/kg) was administered orally in 0.5 ml PBS once daily using a 20-mm feeding needle (Popper and Sons Inc.) starting on day -9, 2 days prior to GA administration (day -7). For EAE prevention, mice received 1 s.c. injection of a 0.1-ml emulsion consisting of GA (50, 100, or 250 μg) in an equal volume of PBS and IFA in the upper flanks. For EAE reversal, daily treatment with GA and atorvastatin began when a clinical score of ≥2.0 was reached. GA (50 μg/d) was administered s.c. in 0.1 ml PBS, and atorvastatin was administered by oral gavage. Purified atorvastatin used for in vitro studies was provided by R. Laskey (Pfizer Inc., New York, New York, USA). GA was provided by Teva Neuroscience.
Proliferation assays. For primary proliferative responses, 5 × 10 5 spleen cells removed from MBP Ac1-11-immunized mice were cultured in 0.2 ml serum-free medium, X-Vivo 20 (BioWhittaker Inc.), supplemented with 5 × 10 -5 M 2-mercaptoethanol, 2 mM glutamine, 100 μg/ml penicillin, and 100 μg/ml streptomycin. Primary splenocytes were cultured with appropriate concentrations of MBP Ac1-11 for 72 hours. CD4-purified naive MBP Ac1-11 TCR Tg T cells were cultured with purified monocytes for 48 hours. Cytokine analysis. Cell culture supernatants were collected at 48-hour (IL-12 and TNF-α), 72-hour (IFN-γ), and 120-hour (IL-4 and IL-10) incubation for cytokine analysis. Quantitative ELISA was performed using paired monoclonal Abs specific for corresponding cytokines per the manufacturer's recommendations (BD Biosciences - Pharmingen). The results of ELISA assays are expressed as an average of triplicate wells ± SD. SOFTmax ELISA plate reader and software was used for data analysis (SoftMax Pro5; Molecular Devices Corp.).
Monocyte cultures. Bone marrow-derived monocytes were obtained from femurs of 10-week-old (PL/J × SJL/J)F1 mice. After flushing femurs with PBS, cells were passed through a 40-μm strainer to obtain a single-cell suspension. Following centrifugation, bone marrow-derived cells were resuspended in L-929 conditioned medium containing macrophage colony-stimulating factor and GA or atorvastatin at the doses indicated and plated in
Figure
Monocytes pretreated with the combination of suboptimal doses of atorvastatin and GA promote Th2 differentiation. Bone marrow-derived monocytes/macrophages isolated from (PL/J × SJL/J)F1 mice were treated with optimal and suboptimal doses of atorvastatin (10 and 0.1 μM, respectively) or GA (50 and 6.25 μM, respectively) alone or in combination. Pretreated monocytes were washed and cocultured with naive myelin-specific T cells from B10.PL MBP TCR Tg mice in the presence of MBP Ac1-11. Th1 and Th2 differentiation was evaluated by measurement of IFN-γ and IL-4, respectively. Treatment groups were compared with the control group using 1-way ANOVA. Data are representative of 2 separate experiments. # P < 0.001; *P < 0.05.
24-well plates. After 5 days, monocyte cultures were counted and assessed for purity by FACS staining with anti-CD11b (BD Biosciences - Pharmingen) and F4/80 (CALTAG Laboratories). Purity was >99%. In order to test monocytes as APCs, monocyte cultures were washed, and 2 × 10 5 naive MBP Ac1-11-specific TCR Tg T cells were added in the presence of MBP Ac1-11.
Histopathology. Anesthetized mice were perfused with 20 ml cold PBS. Brains and spinal cords were fixed in 4% paraformaldehyde and embedded in paraffin for the initial EAE treatment (prevention) experiments. For disease-reversal experiments, the tissues were immersed in 20% sucrose following fixation and frozen in OCT for cryosectioning. Sections were stained with H&E or Luxol fast blue. Selected brain, thoracic, and lumbar spinal cord sections were evaluated by an examiner blinded to the treatment status of the animal. Inflammatory foci were counted in meninges and parenchyma.
Statistics. Unless otherwise indicated, data are presented as mean ± SEM. For clinical scores, significance between groups was examined by MannWhitney U test. All other statistical comparisons between groups were examined using 1-way multiple range ANOVA test for multiple comparisons. P values less than 0.05 were considered statistically significant.
